Identifying chemical exposures that can cause germline mutations is important as these mutations can be inherited, impacting both individual and population health. However, germline mutations are extremely rare and difficult to detect. Chemically induced germline mutations can be detected through analysis of highly unstable tandem repeat DNA. We recently developed a single-molecule PCR (SM-PCR) approach to quantify mutations at a mouse microsatellite locus (Mm2.2.1) in sperm for such purposes. In this study, we refine this approach through the combined analysis of mouse microsatellites Mm2.2.1 and Mm19.2.3. Mice were exposed to 0, 25, 50 or 100 mg/kg/day benzo(a) pyrene (BaP) by oral gavage for 28 days and sperm sampled 42 days after the end of exposure to measure effects on dividing spermatogonia. DNA was diluted to a single genome per PCR well for amplification of microsatellites in singleplex and multiplex reactions, and alleles were sized to identify mutations using capillary electrophoresis. Analysis of ~300-500 molecules per animal at both microsatellite loci, when tested individually, showed a ~2-fold increase in mutations relative to the controls at both the 50 and 100 mg/kg/day BaP doses. Multiplex SM-PCR revealed similar increases in mutation frequencies in both microsatellites. Comparison with results from a previous lacZ mutation assay conducted on the same mice revealed that although microsatellite mutations are a sensitive endpoint for detecting changes in mutation frequencies at lower doses, they appear to be saturable and thus have a reduced dynamic range. These results confirm that BaP is a male germ cell mutagen that broadly impacts tandem repeat DNA. Likewise, addition of a second hypervariable microsatellite increases the sensitivity of this assay.
Introduction
Regulatory agencies worldwide acknowledge the importance of evaluating chemicals for the potential to cause harm to the next generation as a result of germ cell mutations (1, 2) . However, the study of germline mutagenesis has been hampered by a lack of tools to efficiently quantify the ability of an agent to cause heritable mutations.
As a result, regulatory agencies have primarily relied on analysis of mutagenicity in somatic tissues to assess genetic damage, and assumed that decisions based on these assessments would protect from potential germ cell mutagenicity as well (3, 4) .
For over two decades, an important approach to study germ cell mutagenicity has been the analysis of hypervariable expanded simple tandem repeats (ESTRs) in mouse sperm genomes, or in pedigrees, to detect length change mutations (i.e., gain/loss of repeat units). The high mutation rates at these loci make the detection of germ cell and heritable mutations feasible in relatively small sample sizes (1) . Sperm analysis is the preferred approach as it greatly reduces the number of animals required in the experiments over measuring mutations arising in offspring (5) . The method requires single molecule PCR (SM-PCR) amplification of long GC-rich ESTR regions, agarose gel electrophoresis on 40 cm long gels, Southern blotting followed by radioactive labelling of probes for blot hybridisation, and visualisation of repeat length changes (5) . The protocol is technically challenging and can be time consuming because of the length of some alleles. In addition, scoring can be subjective and only gains or losses of at least 20 bp can be reliably scored. Nevertheless, application of this method has revealed a variety of environmental variables that influence both germ cell and inherited tandem repeat mutations [e.g., radiation (5) , air pollution (6), cigarette smoke (7, 8) , anticancer drugs (9) and folate deficiency (10) ]. The study of ESTRs has likewise revealed that the most sensitive window of exposure for the male germline is during the spermatogonial phase (11) . As germ cells mature from stem cells into mature sperm, they undergo several rounds of DNA replication, which is required to permanently fix mutations.
Direct relevance to humans of ESTR mutations is unclear because they have only been characterised in mice to date (12) (13) (14) . Conversely, microsatellites are 2-5 bp simple tandem repetitive sequences that range from 10 bp to 1 kb in length (15) and are found in all eukaryotic genomes. These long stretches of repetitive sequences are inherently prone to errors during DNA replication (16, 17) . As such, they represent excellent candidates for mutation analysis. In addition, microsatellite mutations are associated with many human diseases including frontotemporal lobar degeneration, amyotrophic lateral sclerosis, fragile X syndrome, fragile X mental retardation, spinocerebellar ataxia, myotonic dystrophy 1, spinocerebellar ataxia 12 and Huntington's-disease-like-2 (18, 19) . Thus, they are potentially more directly relevant to human genetic diseases than ESTRs.
In previous work, a variety of microsatellites were screened in several inbred strains of mice to identify highly polymorphic loci (20) , and a SM-PCR methodology was then developed to study induced germ cell mutations for the unstable locus Mm2.2.1 (21) . Although our microsatellite analysis method also relies on SM-PCR, the approach is less technically challenging than ESTR analysis because Mm2.2.1 is short (<300 bp) and its allele length can be rapidly and precisely scored using capillary gel electrophoresis. SM-PCR analysis revealed a greater than 2-fold increase in mutation frequencies in Mm2.2.1 in mouse sperm following exposure to two established germ cell mutagens, N-ethyl-N-nitrosourea (ENU) and benzo(a)pyrene (BaP) (21) . In this study, we expand our methodology to assess response in Mm19.2.3, a second variable microsatellite. Mm19.2.3 is a tetramer found on chromosome 19 and is approximately 200-300 bp in length, depending on rodent strain (20) . The locus repeat motif (GATA) 11 (GACA) 15 (GATA) 17 GATTGGCAGATG (GACA) 3 is a complicated series of repetitive elements separated by a short stretch of non-repetitive nucleotides, and was identified from analysis of the reference C57Bl/6J genome (build 37.2; NCBI) (20) . In this study, we examined sperm from male mice exposed orally to 0, 25, 50 or 100 mg/kg/day benzo(a)pyrene (BaP) for 28 days and sampled 42 days post-exposure (to assay exposures that targeted spermatogonial stem cells and dividing spermatogonia). Using these samples, we explore the sensitivity of mutation detection individually for these two loci, the effects of lower doses of BaP and the use of a multiplex SM-PCR approach.
Materials and methods

Selection of microsatellites
Microsatellite loci Mm2.2.1 and Mm19.2.3 were chosen from among a panel of previously identified Mus musculus microsatellites (20) . Selection of these microsatellites was based on the screening of multiple mouse microsatellite sequences in inbred mouse strains to identify loci that showed variability in length.
We used the NCBI Basic Local Alignment Search Tool (BLAST) as well as the University of California Santa Cruz Genome Browser website tools to query 50 kb upstream and downstream of the Mm2.2.1 and Mm19.2.3 microsatellites to examine the genomic context surrounding the loci. Secondary structural analyses of the genomic sequences surrounding both loci were conducted using the search engine tools from Integrated DNA Technologies (https://www. idtdna.com) and the Predict a Secondary Structure Web Server (rna. urmc.rochester.edu/RNAstructureWeb/Servers/Predict1/Predict1. html) secondary RNA (DNA application) structure predictor tool.
Animal treatment and sample collection
All animal protocols were approved by the Health Canada Ottawa Animal Care Committee. Mature 8-week-old Muta TM Mouse males were exposed by oral gavage to 0, 25, 50 or 100 mg/kg/day BaP dissolved in olive oil (volume = 5 µl/g) daily for 28 days (n = 7, 4, 4 and 4 for the four dose groups, respectively). Forty-two days after the last exposure mice were euthanised by cervical dislocation under isofluorane anaesthesia. Cauda epididymides were immediately removed, flash frozen and stored at −80°C until use. The animals in the present paper came from the same experiments that were used in (21) (22) (23) . However, all of the microsatellite mutation data generated are new to the present experiment [i.e., not the same microsatellite data from (21) ].
DNA isolation and SM-PCR mutation analysis
DNA from mouse sperm was prepared using the protocol described previously (21) . In order to minimise the possibility of contamination, DNA manipulations were performed in a sterilised laminar flow hood. Briefly, cauda epididymides were thawed and chopped up in 1.5 ml of phosphate-buffered saline to liberate sperm, then filtered through a mesh, and pelleted by centrifugation for 5 min at 15 000 rpm. The pellet, containing both somatic and sperm cells, was re-suspended in 1 ml of 1× saline-sodium citrate (SSC; 0.15 M NaCl, 0.015 M sodium citrate) and 15 µl of 10% sodium dodecyl sulfate (SDS) to lyse any remaining somatic cells. The lysate was centrifuged and the purified sperm pellet was re-suspended in 940 µl of 0.2× SSC (0.03 M NaCl, 0.003 M sodium citrate), 100 µl of 10% SDS, 120 µl of 2β-mercaptoethanol, and digested with 20 µl of 20 mg/ml proteinase K (Invitrogen TM , Carlsbad, CA) at 37°C overnight. Sperm DNA was then isolated using phenol/chloroform extraction and finally resuspended in 50 µl of Tris EDTA, (TE −4
; 0.1 M Tris pH 7.6, 0.002 M EDTA pH8.0). Nano-drop spectrophotometry (NanoDrop UV-vis spectrophotometry-model number ND-1000, Asheville, NC) was used to determine final DNA concentrations.
SM-PCR amplification
DNA samples (2 µg) were digested overnight at 37°C with 20 U of HindIII (New England Biolabs, Ipswich, MA). The digested samples were serially diluted to concentrations of 1 ng/µl, 100, 50, 25 and 10 pg/µl in water. PCR was carried out on each dilution in order to determine the concentration at which a 40-60% positive PCR rate was achieved. Poisson distribution analysis shows that amplification success ranging between 40 and 60% equates to approximately one amplifiable molecule per reaction (5 
Mutation detection
PCR amplifications were carried out in 96-well plates. Amplicons were analyzed on an Applied Biosystems 3130 XL DNA sequencer (Life Technologies TM , Carlsbad, CA) with internal size standard (GeneScanTM500 LIZ®) using the FragmentAnalysis50_POP7 run model to determine size. The same scoring criteria used by Beal et al. (21) were applied. Briefly, mutations discovered in both microsatellites were measured as deletions/additions of four nucleotides, which is equivalent to one or more whole repeat unit change from the progenitor allele. For a mutant to be considered legitimate, no trace of the wild-type allele could be present in the same reaction. In addition, a stutter band or an N-1 band (a hallmark of repetitive sequence PCR) should be present (Figure 1 -see small peak before large allele). If the wild-type progenitor band was present in the same amplicon reaction as a mutant allele, the mutant allele was presumed to have resulted from replication error/slippage at some stage of the PCR, and thus was the result of a PCR artifact. Because of a high degree of clonal expansions in these unstable microsatellites (in particular for gain/loss of one repeat unit), we only scored unique mutations. Indeed, Supplementary Table 1, available at Mutagenesis Online, demonstrates a high level of clonal expansion in control animals that masks treatment effects. Thus, specific microsatellite length change mutations were counted only once per sample, even if the same mutation reoccurred multiple times in the same sample (i.e., two identically sized mutations in the same sample would only be counted as one mutation event). The result is that only non-clonally expanded mutations were measured. Given that the spectrum of mutations is highly biased towards small gains and losses, this is a conservative estimate of mutation frequency.
Statistical analyses
Statistical analyses were carried out as described previously (6, 10, 16) . Briefly, a Poisson distribution was used to estimate the number of progenitor PCR molecules from the number of positive/negative PCR wells and the number of wells used for PCR (see Supplementary Methods, available at Mutagenesis Online). Assuming a Poisson distribution for the error, generalised estimating equations were used to estimate microsatellite mutation frequencies (24, 25) . Pairwise comparisons of mutation frequencies were made between control and exposed samples to detect induced mutations. For the combined analysis in both Tables 1 and 2 , the numbers of progenitors were estimated by first pooling the data from the two loci and re-estimating the number of progenitors. Changes in mutation frequencies were considered statistically significant if P < 0.05. Mutation spectrum analysis was conducted using the likelihood ratio statistic as described in Piegorsch and Bailer (26) using R (27) . P values for this test statistic were estimated using the Monte Carlo approximation (26, 28) . (Table 1 ).
Results
General features of
Mm2.2.1 and Mm19.2.3 Genotyping of Muta TM Mouse male sperm revealed that the mice in this study were homozygous at both Mm2.2.1 (291 bp) and Mm19.2.3 (265 bp) loci. Figure 1 illustrates a multiplex reaction of Mm2.2.1 and Mm19.2.3 showing the wild-type genotype (panel A), and deletion mutations (panels B and C), detected by capillary electrophoresis for both loci. The spontaneous mutation frequencies in the control (0 mg/kg/day) animals were 1.88 × 10 -3 for locus Mm2.2.1 and 3.71 × 10 -3 for locus Mm19.2.3
Induced germline mutation frequencies
To explore the response of both microsatellite loci to a chemical mutagen, sperm from BaP-treated male mice were analyzed by SM-PCR, and mutation frequencies at Mm2.2.1 and Mm19.2.3 were compared with matched controls. Each locus was first analyzed independently (Table 1; Figure 2 ), then data from both loci were analyzed together to examine the dose effect (Table 1) . While mice exposed to the 25 mg/kg/day dose of BaP had a marginally significant increase in mutations (1.9-fold increase; P = 0.0532), mice exposed to 50 and 100 mg/kg/day BaP had significant 2.7-fold (P = 0.0052) and 3.1-fold (P = 0.0048) increases in mutation frequencies relative to matched controls for locus Mm2.2.1. Likewise, at locus Mm19.2.3, the 25 mg/kg/day dose did not cause an increase in mutations relative to controls (0.6-fold change relative to controls; P = 0.5242); however, statistically significant increases of 2.6-fold (P = 0.0068) and 2.3-fold (P = 0.0142) above controls were found for the 50 and 100 mg/kg/day dose groups, respectively (Table 1) . Combining the loci (Table 1 ) revealed significant increases in mutation frequencies at the 50 mg/kg/day dose (2.6-fold; P = 0.0001) and the 100 mg/kg/ day dose (2.7-fold; P = 0.0002) relative to controls. Interestingly, animals that had a high mutation frequency at locus 2.2.1 also had a high mutation frequency at 19.2.3. Indeed, a correlation analysis P-values were generated using generalised estimating equations. Significance of P < 0.05 in bold. a Lower and upper 95% CIs given for the number of progenitor molecules, mutation frequencies and ratios. b P-values were generated using generalised estimating equations. revealed a significant relationship between mutation frequencies for the two loci (Spearman rank correlation of 0.505, P = 0.0386).
Multiplex PCR was performed using sperm from the control and 100 mg/kg/day BaP dose groups (N = 3 per group) ( Table 2 ). In the multiplex reactions, the spontaneous mutation frequency of Mm2.2.1 was 2.17 × 10 −3 , which was highly consistent with the results of independent analyses. The spontaneous mutation frequency of Mm19.2.3 in the multiplex reactions was 1.92 × 10 −3 which is slightly lower, but not significantly different, from the independent analysis (P = 0.3950; GEE analysis using only the controls and the 100 mg/kg/day data). Exposure to 100 mg/kg/ day BaP over 28 days resulted in statistically significant 2.9-fold (P < 0.0001) and 3.9-fold (P = 0.005) increases over control samples for Mm2.2.1 and Mm19.2.3, respectively, within the multiplex reaction. Combined analysis of Mm2.2.1 and Mm19.2.3 within the multiplex experiment revealed a significant 3.3-fold increase in mutation frequency relative to controls for BaP treated sperm (P < 0.0001) ( Table 2 ).
Mutation spectrum analysis
The majority of mutations detected at both loci were single-repeat changes; however, several large mutations were observed in the mutation spectra for both Mm 2.2.1 and Mm19.2.3 (Figure 3a and  b) . Analysis of the mutation spectra over all doses (Supplementary  Table 2 , available at Mutagenesis Online) did not reveal significant differences between loci Mm2.2.1 and Mm19.2.3 (P > 0.1848). A likelihood ratio test of control versus treated spectra also did not reveal statically significant alterations in mutation spectra for either loci for any of the doses examined. Likewise, a combined analysis of both loci in treated versus control did not reveal significant changes in the mutation spectrum (Figure 3a and b; and Supplementary Table 2 , available at Mutagenesis Online).
Discussion
In this study we expand on our previous work to assess the utility of SM-PCR analysis of microsatellite mutations to identify germ cell mutagens. We used BaP as our prototype chemical for this work. BaP is produced from the incomplete burning of fossil fuels and is a ubiquitous well-known environmental mutagen that is classified by the International Agency for Research on Cancer as a Group 1 carcinogen (29) . Sources of human exposure to BaP include cigarette smoke, the burning of coal or wood for heating, cooked foods and vehicle exhaust (30) (31) (32) . BaP is metabolised to a diol epoxide that can form covalent adducts with DNA which in turn lead to mutations (33) . Other reactive metabolites, such as reactive oxygen species and superoxides produced during BaP metabolism, are also mutagenic (34, 35) .
We demonstrate that 28-day repeat dose exposure of spermatogonial stem cells and dividing spermatogonia to 50 and 100 mg/ kg BaP/day results in an increase in mutations in two microsatellites: Mm2.2.1 and Mm19.2.3. A combined analysis of both loci improved sensitivity and power demonstrating the advantages of analyzing data from multiple microsatellites together. The response appears to be saturable, as there was no clear dose-response increase above 50 mg/kg/day for either of the loci. The ~2-to 3-fold increase in mutation frequency seen across all experiments is similar to what has been observed for ESTR mutations arising in the offspring of male mice exposed to BaP. These results demonstrate consistency in the response of different tandem repeats to BaP, and support that repeat mutations found in germ cells are transmitted to offspring (6, 36, 37) . Therefore, our study and the work of others (22, (36) (37) (38) (39) (40) confirms that, in addition to causing somatic cell mutations and cancer, BaP causes mutations in male germ cells.
We developed a multiplex PCR approach to improve the sensitivity, and reduce the time and cost associated with the microsatellite assay. Multiplexing led to decreases in the P-values obtained, and thus increased our ability to detect the chemical's potential mutagenic effects on the germline. Minor, non-significant differences in mutation frequencies were observed between singleplex and multiplex results (Tables 1 and 2 ). Differences between experiments may occur because a single mutation event in a given population can significantly impact the measured mutation frequency. Thus, although small differences in mutation frequencies may be expected by chance between experiments, trends in mutation frequencies remain consistent. Indeed, the 95% confidence interval of the singleplex and multiplex overlapped in all cases, and mutation frequencies were not significantly different (P = 0.3950) from each other.
Mutation rates at tandem repeats are influenced by multiple factors including genomic structure, sequence, and location (41) . Therefore, we explored genomic context surrounding the two loci. Mm2.2.1 is located on chromosome 2 and has a tetranucleotide repeat of (AGAT) 17 repeat (GATA) 11 (GACA) 15 (GATA) 17 …(GACA) 3 , and is located on a non-transcribed region of chromosome 19. A query 50 kb up and downstream of Mm19.2.3 failed to identify any transcribed genes. The GC content of the two loci are similar (37.7 versus 36.0% GC content for Mm2.2.1 and Mm19.2.3, respectively). Structural analysis suggests that Mm2.2.1 forms 12 different hairpin loops, whereas Mm19.2.3 may form 20 different secondary structures. Thus, the two loci generally share similar features and mutation rates are not likely to be greatly influenced by the genomic context surrounding them.
The above similarities are consistent with the observation that there were no significant differences in mutation spectra between the two loci within control samples, between treated and control mice, or between the dose groups. Similar mutation signatures suggest that the two microsatellite loci mutate via a common mechanism both during normal cellular replication and division, and following challenge with a mutagen forming bulky DNA adducts. Moreover, the mechanism by which the BaP exposure increases the mutation frequency at both loci is likely the same or similar to the endogenous mechanism by which mutations occur at these sites. Within our study, the mutation spectra for both Mm 2.2.1 and Mm19.2.3 even after BaP exposure were predominated by small changes. Although we found some large deletions (e.g., 40 bp) and gains (e.g., 64 bp), there were no shifts in these spectra as a result of BaP exposure. The lack of effects of BaP on microsatellite mutation spectrum supports that induced mutations occur indirectly through enhancement of processes that are already occurring in the cell as has been suggested previously (5, 16, (42) (43) (44) .
The mechanism through which BaP and other mutagens induce microsatellite mutations is unclear, although replication-based processes are involved. Knockout mice deficient for the mismatchrepair gene PMS2 (Postmeiotic segregation 2), which is required for repair of secondary DNA structure formation during DNA replication, have increased microsatellite mutation frequencies relative to controls (45) suggesting that the formation of secondary structures during replication contribute to increases in microsatellite mutation frequencies. It is widely thought that mutation induction at tandem repeats is an indirect process that is induced when cells are exposed to genotoxic agents that cause cell cycle checkpoints to pause DNA replication for repair. During pauses in replication, microsatellite sequences may form secondary structures, and the DNA template can thus become misaligned, resulting in gains or deletions of repeat units upon subsequent replication initiation (16, 17) . It follows that if a chemical is capable of inducing DNA damage, an increase in replication errors of highly repetitive sequences might also be observed. We speculate that this process would be saturable (as is observed in this study) because it would be limited by the probability that replication is occurring at the locus, and the on/off nature of a cell cycle checkpoint. Similarly saturated responses at high doses have been observed in previous studies on germ cell tandem repeat mutations following mouse exposures to a variety of chemicals (11) . Thus, our work supports the hypothesis that induced tandem repeat mutations arise via indirect mechanisms related to replication errors that may result either from genomic instability and/or pauses in cell cycle following DNA damage as proposed previously (5, 16, (42) (43) (44) .
O'Brien et al. (22) used the transgenic rodent assay to examine mutation frequencies in the lacZ transgene of sperm from the same animals as those used in our study. Using the lacZ assay, no increases in mutation frequencies were observed at the 25 mg/kg/day dose, a marginally significant 1.7-fold increase in mutant frequency was reported at 50 mg/kg/day (P = 0.0738) dose, and a significant 4.2-fold increase was found relative to controls at the 100 mg/kg/ day (P < 0.0001) dose (22) . Our analysis of the 25 mg/kg/day dose likewise did not reveal a significant increase in mutation frequency over that of controls; however, significant increases were observed starting at the 50 mg/kg/day dose (Table 1; Figure 2 ). These findings suggest that the microsatellite SM-PCR technique provides a sensitive tool for detecting changes in mutation frequencies at lower doses. However, it should be noted that a larger fold change in the lacZ mutant frequency was found at the 100 mg/kg/day dose; as described above, microsatellite mutation rates appear to be saturable and thus have a reduced dynamic range. Overall, the combined results of lacZ and microsatellite mutations in sperm confirm that exposure to BaP is mutagenic to mouse spermatogonia inducing a diverse array of genetic alterations and thus poses a heritable genetic hazard.
Conclusions
We developed a sperm SM-PCR approach to measure mutations in two unstable tetranucleotide microsatellites in the mouse genome following exposure of spermatogonia to BaP. We explored response in singleplex and multiplex PCRs and showed increased mutation frequencies relative to controls at both loci consistent with results from previous studies. The multiplex PCR approach may provide a slightly higher sensitivity than the singleplex approach; however, the scoring of multiplex gel electropherograms proved challenging. Achieving the 40-60% positive to negative ratio of amplicons needed for the SM-PCR Poisson distribution for one microsatellite can be difficult; adding a second microsatellite increases the technical difficulty to achieve the desired ratio at both loci simultaneously. Thus, amplification of both Mm2.2.1 and Mm19.2.3 loci in a single reaction did not greatly improve time or resource efficiencies because of this challenge. Moving forward, we propose continued refinement of the multiplex SM-PCR microsatellite technique and suggest using different fluorophores for each primer to aid in the differentiation of alleles in multiplex PCR. PCRs could also be run individually and combined post amplification to be resolved in a single sequencing run in order to improve resolution and processing time. An added benefit of sperm microsatellite analysis is that this technique can be developed for application in any species, including humans. Overall, we confirm that BaP is a male germ cell mutagen that may pose a risk for transmission of heritable mutations.
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